An earlier competitive inhibition enzyme-linked immunosorbent assay (CI-ELISA) was developed for detection of specific antibody against malignant catarrhal fever (MCF) viruses (MCFV) in ruminants. In this study, the indirect CI-ELISA was improved by conjugating the monoclonal antibody 15-A directly with horseradish peroxidase and by developing a method of producing precoated, dried antigen plates. This new test is referred to as a direct CI-ELISA. The reformatted test yielded a significantly improved sensitivity, and the time required was reduced to about one-sixth of the previous time. Of 37 MCF cases in cattle that were confirmed by histopathology and polymerase chain reaction (PCR) assay, 37 (100%) were positive by the new test, whereas the indirect CI-ELISA detected only 23 (62%). The direct CI-ELISA detected antibody to MCFV in 100% of 48 sheep that had been defined as infected with ovine herpesvirus 2 (OvHV-2) by PCR, whereas the indirect CI-ELISA detected only 41 (85%). Comparison of antibody titers measured by the 2 assays for sera collected from OvHV-2-infected sheep and from cattle, bison, and deer with clinical sheep-associated MCF revealed that the direct CI-ELISA offered a 4-fold increase in analytical sensitivity over the indirect format. The number of seropositive animals detected by the direct CI-ELISA among apparently normal cattle and bison was 2-3 times greater than the number detected by the indirect CI-ELISA, indicating that a significant percentage of normal cattle and bison are subclincally infected with MCFV.
MCFV antigen-coated, dried plates were produced based on the following procedures. Wells of flat-bottom plates a were coated at 4 C for 18-20 hours with 50 l of solution containing 0.2 g of semipurified MCFV antigens in 50 mM carbonate-bicarbonate buffer (pH 9.6). 10 The coated plates were blocked at room temperature (RT, 20-25 C) for 2 hours with 0.05 M phosphate-buffered saline (PBS) containing 2% sucrose, 0.1 M glycine, 0.5% bovine serum albumin, and 0.44% NaCl (pH 7.2). After blocking, wells were emptied by discarding the bulk of the fluid and striking the plate 5 times on a clean paper towel. The plates were then dried in a low humidity environment at 37 C for 18 hours, sealed in plastic bags with desiccant, and stored at 4 C. MAb 15-A in ascitic fluid was precipitated with ammonium sulfate and conjugated with horseradish peroxidase by a commercial company. b The indirect CI-ELISA procedure was as described previously. 10 For the direct CI-ELISA, 50 l of 20% serum in PBS (1:5 dilution) was added in duplicate wells (or quadruplicate wells for the negative control). The plate(s) was covered with parafilm and incubated at RT for 60 minutes. After 3 rapid washes with PBS containing 0.1% Tween-20, 50 l of a predetermined concentration of conjugated MAb 15-A was added to each well, except for the blank control well. The plates were covered with parafilm and incubated at RT for 60 minutes. After an additional 3 washes, 100 l of substrate c was added to each well and incubated at RT for 60 minutes. The reactions were stopped with 100 l of 0.18 M sulfuric acid in each well. Optical density at 450 nm (OD 450 ) was determined with an ELISA plate reader. d The results were expressed as the percentage inhibition, derived by the following formula: 100 Ϫ [(mean OD 450 of test serum ϫ 100)/(mean OD 450 of negative control)]. To be considered valid, each test had to fall within the following limits: the mean OD of the negative control wells 0.4-2.0, and the inhibition by a defined positive control serum Ն25.0%. Establishment of the cutoff value for the indirect CI-ELISA was as previously described. 10 A pool of sera from the 19 OvHV-2-negative sheep ?? used as a negative control. These 19 OvHV-2-negative sheep had been maintained separately from infected sheep for an 18-month period, and their OvHV-2-negative status was reconfirmed monthly by polymerase chain reaction (PCR) assay. The mean OD values from 3 different serum panels from these 19 sheep, collected at different time points over a 6-month period, revealed that there was no significant difference between the panels (Ϯ0.015SD, n ϭ 3). The cutoff for the direct CI-ELISA was established by adding 3 SD to the mean OD of the 19 negative sheep sera, which equaled 25% inhibition. Thus, any serum samples having Ն25% inhibition in the assay were interpreted as seropositive.
Among over 300 sequential serum samples taken from these 19 OvHV-2-negative sheep during 18 months in isolation, only 2 samples scored positive by direct CI-ELISA. The inhibitory activity levels declined rapidly in these 2 sheep, returning to a negative status within 2 weeks. The 2 sheep stayed consistently PCR negative for OvHV-2, suggesting that the inhibition yielded by these 2 samples was not specific for MCFV antibody. To determine if the inhibitory activity was associated with immunoglobulin, ammonium sulfate precipitation and protein G-binding experiments were done. The results from both methods indicated that the inhibitory reactivity by these sera was antibody mediated. However, the reason for this transient cross-reactivity in these 2 sheep was not determined.
Because well-defined MCFV-negative animals were not available for controls in species other than domestic sheep, the feasibility of using the set of OvHV-2-negative sheep sera as controls for other species was evaluated. A total of 60 MCFV-antibody-negative sera examined by indirect immunofluorescence assay (IFA) from cattle, bison, and deer (20 in each group) were tested by direct CI-ELISA. All sera except 1 from each group yielded inhibition levels less than the cutoff value of 25%. Compared with the OvHV-2-negative sheep sera, the mean inhibition levels of the groups (excluding the single positive serum) were very similar, ranging from Ϫ1% to 6.8%. This indicated that a panel of OvHV-2-negative sheep sera legitimately could be used as negative serum controls for cattle, bison, or deer samples when testing by direct CI-ELISA.
The ability of the direct and indirect CI-ELISAs to detect antibody was compared using the sera from cattle with clinical SA-MCF and from OvHV-2-infected sheep. Thirty-seven cattle with confirmed clinical SA-MCF were examined. These animals had been used in a previous study on evaluation of indirect CI-ELISA, PCR, and histopathology for diagnosis of acute SA-MCF in cattle. 12 All 37 (100%) were positive by the direct format, whereas only 23 (62%) were positive by the indirect format 12 (Fig. 1 ). In addition, of 20 cattle from Switzerland that had clinical SA-MCF confirmed by PCR and histopathology, 19 (95%) were positive by the direct method. These 20 samples were not examined by the indirect method because of inadequate serum volumes.
All 48 (100%) OvHV-2-infected adult domestic sheep from Switzerland (n ϭ 20) and the USA (n ϭ 28) examined in this study were positive by the direct assay, whereas only 41 (85%) were positive by the indirect assay ( Fig. 2A-2C) . Among 17 OvHV-2-infected mouflon sheep from the USA, respective figures were 16 (94%) and 8 (47%) (Fig. 2D) . Moreover, the percentage of inhibition by individual samples was generally greater in the direct than the indirect test format (Fig. 2) .
Antibody titers in a cow, bison, and deer with clinical SA-MCF and in an OvHV-2-infected sheep were also measured using serial dilutions in both direct and indirect assays. The endpoints by direct CI-ELISA versus indirect CI-ELISA were 1:160 versus 1:40 in bison, 1:320 versus 1:160 in deer, 1:640 versus 1:160 in cattle, and 1:160 versus 1:20 in sheep, respectively. Average titers were thus about 4-fold greater by the direct than by the indirect method. These 4 sera were also titrated in IFA by limiting dilutions. The IFA titers were 1:20 (bison), 1:80 (deer), 1:80 (cow), and 1:20 (sheep), indicating that IFA was at least 4-fold less sensitive than the direct CI-ELISA.
Six hundred seventy-two sera from clinically normal cattle (n ϭ 402) and normal bison (n ϭ 270) from Canada, Switzerland, and the USA were tested by both direct and indirect CI-ELISAs. As shown in Table 1 , 5.2% of all animals tested were positive by indirect CI-ELISA, and 13.8% were positive by direct CI-ELISA. An exception was a group of 31 cattle from Switzerland with no history of contact with sheep; none of these animals were positive by either direct or indirect methods. The overall prevalence was 11% among all normal cattle sera tested and 18% among normal bison.
In comparison with the original indirect format assay, the * One-hundred cattle sera were selected randomly from the archived serum banks of the Washington Animal Disease Diagnostic Laboratory, having been submitted as normal animals or with clinical diagnoses other than MCF. direct format provided significant improvements in sensitivity, efficiency, and convenience and a lower unit cost. The improved sensitivity increased the reliability of the test for diagnosis of the acute stage MCF. The sensitivity of the assay for MCFV antibody in cattle with clinical SA-MCF now approximates 95%. The figure for bison is currently somewhat lower, about 80% (unpublished data). The number of sera available for study from acutely ill bison, deer, and other nonbovine ruminants was too limited, however, for a precise sensitivity for the test to be estimated.
The specificity of polyclonal antibody-based tests for MCF has always been problematic because of well-documented cross-reactive antigens shared among ruminant herpesviruses. 6 The recently described bovine lymphotropic herpesvirus, which is present in most cattle, may well contribute to the nonspecificity inherent in polyclonal assays because it probably is a close relative of the MCFV group, as reflected by the sequence of its polymerase gene. 15 The current inability to identify certifiably uninfected animals in species other than sheep hinders the critical definition of specificity in cattle, bison, deer, and other susceptible nonovine species. This specificity was examined during the development of the original assay by testing the binding activity of MAb 15-A on all available ruminant herpesviruses. 10 In the current study, sera from cattle, bison, and deer that were clearly IFA negative to MCFV antigens and sera from isolation-raised sheep confirmed to be free of MCFV by PCR were used to estimate the specificity as 94% in these species. This is a minimum figure, representing the worstcase scenario; the sensitivity of the competitive ELISA frequently exceeds that of IFA for herpesviral antibody. 13 The improved sensitivity prompted a reexamination of the prevalence of latent or subclinical infection in certain ruminant species that had been previously examined with the original indirect CI-ELISA. 9 The percentage of antibodypositive sera among normal cattle and normal bison examined increased about 3-fold using the new format. There may be a relationship between the often inexplicable epidemiologic patterns observed with MCF 3, 16 and subclinical infection. Numerous reports exist of MCF in herds or on premises where no sheep or other carrier species have been present within several miles for months or even for many years. These reports have prompted speculation about the presence of other etiologic agents or cofactors 4 or the possibility of insect vectors 2 . It is becoming increasingly apparent that very significant levels of subclinical or latent infection are present in normal cattle and bison. Because of inevitable sensitivity limits, the seroprevalence rates found in this study are underestimates of actual infection rates. The unavailability of a ''gold standard'' to identify truly uninfected clinically susceptible animals is a major impediment at present to a precise definition of the subclinical infection rates in these species. Nevertheless, the prevalence levels that are already recognized would appear to support the hypothesis that recrudescence of latent or subclinical infections represent a significant proportion of cases of MCF seen by practitioners, particularly those that occur in the absence of recent sheep contact.
The reformatting of the CI-ELISA significantly reduced the time required, from Ͼ24 hours to Ͻ4 hours. With directly conjugated MAb and dried, precoated plates, the direct CI-ELISA offers greater sensitivity, consistency, economy, and convenience. The 15-A epitope is highly conserved among MCFV, including AlHV-1, OvHV-2, 10 the recently reported unique MCFV in white-tailed deer, 8 AlHV-2, and other emerging members of lower pathogenicity in domestic goats and certain exotic and domestic wild ruminants (unpublished data). However, preliminary data suggest that this epitope is not present on the bovine lymphotropic herpesvirus (unpublished data), neither is it present on about 13 other common ruminant viruses examined. 10 This more sensitive and efficient CI-ELISA thus is a serious candidate for a standard serologic test for MCFV antibody in a variety of species.
